A formation mechanism of the plug potential in a tandem mirror is proposed. The orbits for ions, which are accelerated by the thermal barrier potential, are calculated numerically in a magnetic mirror field. A non-Maxwellian electron distribution function, which leads to a modified Boltzmann law, is assumed in order to determine the electrostatic potential profile. Monte Carlo simulation is carried out for ion dynamics to include the effects of Coulomb collisions and ion radial losses. It is found that the plug potential is formed under the condition that the ions trapped in the thermal barrier region are few.
I. INTRODUCTION
The problem of an electrostatic potential along magnetic field lines has been recognized as an important issue in plasma physics and efforts to understand the mechanism of an electrostatic potential formation have been made. In space plasmas, for example, an electrostatic potential formation mechanism is proposed by Ref. 1 , where the field-aligned electrostatic potential is supposed to be generated by the different pitch angle anisotropy of ions and electrons. The idea has also been applied to more complicated problems. [2] [3] [4] An essential point for field-aligned electrostatic potential formation is that there exists an electron current along magnetic field lines in space plasmas. Recent calculations of potential formation are based on the assumption of the existence of an electron current along magnetic field lines. 5 The electrostatic potential for trapping particles is utilized in a wide area, not only neutral plasmas and nonneutral plasmas 6 but also a field of antihydrogen, [7] [8] [9] where antiprotons and positrons are trapped in the electrostatic potential in a minimum-B magnetic mirror.
The tandem mirror tries to make use of a field-aligned electrostatic potential for ion confinement. [10] [11] [12] The original scenario to create an electrostatic potential hill at a midway point from the thermal barrier region to the outer mirror throat, where the potential hill is called the ion confining potential or plug potential, included a magnetically trapped high energy ion population ͑sloshing ions͒ in the end mirror cells of a tandem mirror. However, subsequent experiments revealed that the formation of the plug potential did not require the sloshing ions. 13, 14 That is, only electron cyclotron resonance heating ͑ECRH͒ applied in the plug region can be responsible for the plug potential formation.
In the end mirror cells of a tandem mirror there is no electron flow in the steady state, so the mechanism of the plug potential formation is different from the field-aligned electrostatic potential formation in space plasmas, such as the magnetosphere.
Efforts at understanding the mechanism of the plug potential formation have been reported. [15] [16] [17] [18] [19] It has been shown that the ions accelerated by the thermal barrier potential and the non-Maxwellian electrons create the plug potential. However, it was found that the plug potential formation requires a population of ions in the loss cone region in velocity space, in addition to passing ions from the central cell and ions trapped in the thermal barrier potential, as will be mentioned in Sec. II.
Previous works 16 -19 include the ionization effects for a production of ions in the loss cone region in velocity space. The ionization rate required for the plug potential formation, however, is one ordered magnitude larger than that measured in a present tandem mirror experiment. 19 The purpose of this article, therefore, is to make the mechanism of the plug potential formation clear by including Coulomb pitch-angle scattering of ions instead of ionization, where Coulomb collisions scatter ions in the passing region and the trapped region in velocity space into the loss cone region.
In Sec. II a modified Boltzmann law is derived from a non-Maxwellian electron distribution function. The Monte Carlo simulations are carried out to study a plug potential formation in Sec. III. A summary is given in Sec. IV. 
II. SIMPLE ANALYSIS
A Maxwellian electron distribution function leads to the conventional Boltzmann law of an electrostatic potential, where a local maximum point of the electrostatic potential locates at the local maximum point of the electron density along a magnetic field line. The local maximum point of the electrostatic potential, however, is not the same as that of the electron axial density in a tandem mirror, so that we consider the non-Maxwellian electron distribution function in the following.
The electrons coming from the central cell are reflected by the thermal barrier potential and only a few of the electrons reach the plug region. On the other hand, the electrons magnetically trapped in the plug/barrier region are heated by ECRH. The schematic diagram of electrostatic potential and magnetic field profiles are shown in Fig. 1͑a͒ , and the velocity space of electrons is shown in Fig. 1͑b͒ . While the electrons are Maxwellian at zϭz i , where electrons are supplied from the central cell, the electrons trapped in the plug/barrier region are assumed to be non-Maxwellian, the distribution function of which is written as
͑1͒
Here ␣ e is constant, T ec and n ec are the electron temperature and density at zϭz i , m e is electron mass, and e is unit charge. The notations B and represent the magnetic field strength and electrostatic potential, the subscript i denotes the quantity at zϭz i . The quantities and are the electron total energy (ϭ Fig. 1͑a͒ . The distribution function ͑1͒ is the simplest one which includes the effect of non-Maxwellian electrons trapped magnetically but is able to be integrated analytically in velocity space. This is the reason we adopt Eq. ͑1͒ as the electron distribution function in the end-mirror cell.
In previous works 16 -19 the electron velocity space was divided into two pieces by the line ϭB b Ϫe b , where electrons trapped electrostatically in the plug potential are considered. The density obtained in the previous calculation 16 -19 increases gradually from the thermal barrier to the outer mirror throat, while the density at the plug is smaller than that at the thermal barrier in the actual experiments. In this article, the electron velocity space is divided by the line ϭB i Ϫe i in Eq. ͑1͒, where electrons trapped magnetically in the thermal barrier region are considered. Another reason to pay attention to the electrons trapped magnetically in the thermal barrier region, but not the ones trapped electrostatically in the plug potential, is that the formation of the plug potential accompanies the thermal barrier potential formation. 20 The distribution function of electrons trapped in the plug, therefore, is the same as that of electrons trapped magnetically in the thermal barrier region.
The electron density n e (z) (z b рzрz m ) is given as
ͮͪ .
͑2͒
Here e * ϵe(Ϫ i )/(BϪB i ) and e **
The integrations in Eq. ͑2͒ are carried out to be
in case of e͑Ϫ i ͒ T ec ӷ1.
͑3͒
Here the assumptions
were made to obtain Eq. ͑3͒ so that the contribution of the passing component of electrons from the inner mirror throat, the first two terms on the right-hand side of Eq. ͑2͒, can be neglected. In order for the electron distribution function ͑1͒ to not become infinite in the range B b рBрB i , when →ϱ with ϭB, the following relation has to be satisfied:
that is,
Solving as a function of n e in Eq. ͑3͒,
͑6͒
Now we are looking for a relation of on n e and B in the region z b ՇzՇz p in Eq. ͑6͒, the required relation of which is that the density decreases with z but the electrostatic potential increases with z, as shown in Fig. 1 . Because the magnetic field B is an increasing function of z around z ϭz p , a possible candidate for the solution of is the top or middle equation in Eq. ͑6͒. These top and middle equations in Eq. ͑6͒ are the same type of equation, that is, (z) n e ͑ z ͒ n ec
Here the constant ␣ e should satisfy the relation ␣ e рB b /B i . Equation ͑7͒ holds for the condition e(Ϫ i )/T ec ӷ1 as seen in Eq. ͑6͒. However, we apply Eq. ͑7͒ to the region e(Ϫ i )/T ec ӷ " 1 because the essential part of the nonBoltzmann distribution of electrons for the plug potential formation is retained. Equation ͑7͒ reduces, on the basis of the thermal barrier potential b , to
͑8͒
Here n eb ϵn e (z b ).
The distribution function of electrons trapped in the plug/barrier mirror cell in Eq. ͑1͒ is written as
at zϭz b , which is a bi-Maxwellian distribution function with two component temperatures T eʈ , T eЌ parallel and perpendicular to the magnetic field line,
A modified Boltzmann relation ͑8͒ is able to be derived on the assumption that the electron distribution function is biMaxwellian of Eq. ͑9͒ at zϭz b in the whole velocity space, including the region passing to the inner mirror throat z ϭz i . The electrons coming from the inner mirror throat are fewer at zϭz b than those magnetically trapped in the thermal barrier region, if B i /B b ӷ1 and T eЌ /T eʈ ӷ1, so that the assumption that the electrons are bi-Maxwellian in the passing region at zϭz b is a good approximation of the Maxwellian electrons in the passing region. Now we briefly consider the mechanism of a plug potential formation. As mentioned previously in this section, the modified Boltzmann law ͑8͒ has a type of e((z)Ϫ b )
ϭT eʈ ln͕G(B)n i (z)/n ec ͖. Here we assume the charge neutrality condition so that the electron density n e is the same as the ion density n i . Because the original scenario of a plug potential formation includes the high energy sloshing ion population, the plug potential is formed at the point where dn i /dzϭ0 even if G(B)ϭ1. In the case of a nonMaxwellian electron distribution in the plug/thermal barrier region, i.e., G(B) 1, the plug potential can be formed at the region satisfying d͓G(B)n i ͔/dzϭ0, if it exists, in the midway from zϭz b to zϭz m , even if there is no high energy sloshing ion population.
In order to clarify whether there exists a region where d͓G(B)n i ͔/dzϭ0, the following ion distribution function is introduced in the region z b рzрz m ,
and уB p ϩe p and уB i ϩe i .
͑11͒
Here the ion distribution function is the same type as that of the electron distribution function, and ␣ i is constant. The ion distribution function in the loss cone in the region v ʈ р0 is assumed to be zero, i.e., ions escaping through the outer mirror throat zϭz m never come back again, where we assume B m ϭB i and m ϭ i for simplicity. The velocity v ʈ is defined in Sec. III ͓see Eq. ͑15͔͒. Figure 2 plots the diagram of ion velocity space, where Fig. 2 is given as
͑12͒
On the other hand, the ion density in the region BտB p is given as
͑13͒
The integrations in Eqs. ͑12͒ and ͑13͒ are carried out around zϭz p with the assumption of 0рe( p Ϫ)/T ic Ӷ1, to be
͑14͒
Here the condition that 0рϪ i * B/T ic Ӷ1 is assumed to obtain the ion density in the region BрB p .
The ion density profile in Eq. ͑14͒ indicates that dn i /dzϭϪϱ at zϭz p as shown in Fig. 3 . A type of modified Boltzmann law e((z)Ϫ b )ϭT eʈ ln͕G(B)n i (z)/n ec ͖ in Eq.
͑8͒ requires d͓G(B)n i ͔/dzϭ0 at the plug. However, Eq. ͑14͒ indicates d͓G(B)n i ͔/dzϭϪϱ at ϭ p ͑i.e., BϭB p ), that is, plug potential does not form. The result of ͉dn i /dz͉ ϭϱ at zϭz p comes from the fact that ‫ץ͉‬ f i /‫͉ץ‬ϭϱ on the line ϭB p ϩe p in Eq. ͑11͒. This contradiction is avoided by introducing the effect of Coulomb collisions, which makes ‫ץ͉‬ f i /‫͉ץ‬Ͻϱ on the line ϭB p ϩe p . The Coulomb collisions, therefore, are expected to make ͉dn i /dz͉ Ͻϱ at zϭz p and so the Coulomb collisions are expected to form the plug potential between zϭz b and zϭz m .
III. RESULTS OF MONTE CARLO CALCULATION
In Sec. II it was shown that the ion Coulomb pitch angle scattering, as well as a modified Boltzmann law, was required to form a plug potential. In order to take into account the effect of Coulomb collisions on the ion distribution function, we carry out the Monte Carlo simulation in the following.
Because the plug potential formation is a onedimensional problem on z, we calculate the ion orbits along magnetic field line,
Here and are the ion total energy and magnetic moment, respectively. The ion scattering by Coulomb collision is included by Monte Carlo methods. [21] [22] [23] As seen in Figs. 1͑a͒ and 2 the ion velocity space is divided by different mirror trapped regions, so that it is difficult for ions to fill in all regions of velocity space without any collisional effects.
Due to the Coulomb collisions the ions are filled in the thermal barrier region and then finally the ion distribution function becomes Maxwellian. In order to take into account the effects of non-Maxwellian ions in the thermal barrier region in Eq. ͑11͒, therefore, the effects of ion ͑radial͒ loss are included. That is, an ion loss time L is introduced. The uniform random number k ͑which is a number from 0 to 1͒ is introduced for the kth ion. The number k is compared with the magnitude of exp͕Ϫt k / L ͖, where the time t k is measured from the time when the kth ion was input at the inner mirror throat zϭz i in Fig. 1͑a͒ . If k Ͼexp͕Ϫt k / L ͖ the kth ion is lost from the plug/barrier mirror cell. Because we are looking for the steady state of plug potential, the ions which are lost are input at the inner mirror throat zϭz i immediately. Here the velocity components v ʈ and v Ќ of ion at z ϭz i are given to be Maxwellian with temperature T ic in the passing region in the velocity space by means of a random number.
On the assumption of charge neutrality condition the electron density is the same as the ion density, i.e., n e (z) ϭn i (z). The electrostatic potential (z) is determined by the modified Boltzmann law given by Eq. ͑8͒. In the simulation the electrostatic potential is given in advance, i.e., (z)ϭ0. The motion of ions is followed in the given electrostatic potential and the density is calculated by each ion position. The calculation of ion motions continues until the steady state of ion density is realized.
The new electrostatic potential is calculated by the modified Boltzmann law ͑8͒ with the ion density in the steady state in the old electrostatic potential profile. The ion motion is traced again in the new electrostatic potential profile and the ion density is accumulated after initialized until the steady state of ion density is realized. The above-mentioned procedure is repeated until the steady state of both ion density and electrostatic potential profiles are realized.
The parameters used in the simulation are as follows. The magnetic field profile from zϭz b to zϭz m is adopted for the end-mirror cell in the GAMMA10 tandem mirror, 13 where the axial length L z from the thermal barrier zϭz b to the outer mirror throat zϭz m is L z ϭ120 cm. The temperatures T field of the field ions and electrons, with which the test ions receive the Coulomb collision, are 100 eV. The number density n field , where the density of field ions is the same as that of field electrons, is n field ϭ10 11 cm Ϫ3 , which is uniform along z. In this field plasma the deflection time D is
n field e 4 ln⌳ ii . ͑16͒
Here ln ⌳ ii is the Coulomb logarithm. The time 0 is defined
, i.e., the time necessary for a thermal test ion to move by 1 cm, where species of ions is hydrogen.
The temperature of test ions is set T i ϭ100 eV at z ϭz i . The deflection time is D Ӎ5.6ϫ10 
where Eq. ͑17͒ was used. Therefore, the test ions escaping from the outer mirror throat or radially have to be input immediately at the inner mirror throat in order that the total number N i does not change in time in the steady state. The algorithm of ion supply to the end-mirror cell adopted in the Monte Carlo simulation is consistent with the present tandem mirror experiment, where the ions in the endmirror cell are supplied from the central cell and escape through the outer mirror throat or escape radially.
The electrostatic potential is set i ϭ0 at zϭz i . The potential b at zϭz b is given in advance and is not changed through simulation run. The potential profile (z), therefore, is determined on the basis of its magnitude at zϭz b .
Figures 4 -6 are the steady state test ion distribution functions in the whole axial region represented by and in the case of e b /T i ϭϪ1 and T eЌ /T eʈ ϭ60. Here the ion loss time is set at L / 0 ϭ10 3 in Fig. 4 , L / 0 ϭ10 4 in Fig. 5 , and L / 0 ϭ10 5 in Fig. 6 , respectively. The separatrixes denoted by the lines ϭB p ϩe p and ϭB m ϩe m are determined as the results of the simulation run, while the separatrixes denoted by ϭB i ϩe i and ϭB b ϩe b are given in advance as boundary conditions of electrostatic potential. It is observed the loss cone in the region ϾB p ϩe p and ϾB m ϩe m in v ʈ Ͻ0 of Figs. 4͑b͒, 5͑b͒ and 6͑b͒. The only velocity space in the region у0 is plotted in Figs. [4] [5] [6] , that is, the ions responsible for the plug potential formation, the energy of which is larger than the potential energy e i at zϭz i , are seen in Figs. 4 -6 .
Because the ion loss time L is shorter than the deflection time D in Fig. 4 , the test ions in the region рB i ϩe i are very few. However, the ion distribution function in the passing region from the inner mirror throat ϾB i ϩe i is almost independent of , i.e., is a part of the Maxwellian distribution function, because the transit time transit is shorter than D and L . On the other hand, Fig. 5 is the case of L Շ D , while Fig. 6 is L տ D , so that the remarkable increase of ion collisional filling is observed in the region ϽB i ϩe i in Fig. 5 to Fig. 6 .
The axial profiles of ion density and electrostatic poten- The maximum point of the ion density profile does not coincide with the position of the plug potential, but rather exists in front of the plug potential, which means almost all ions reflect in front of the plug potential and only a small part of the ions reach the plug point. In the case of few trapped ions in the thermal barrier potential in Figs. 7͑a͒ and 7͑b͒, the peak point of ion density exists around the point where the electrostatic potential is greater than zero, i.e., the point just beyond the height of i . Because the ions have a potential energy e i when they are input at zϭz i , the ions are reflected extremely by the electrostatic potential when the potential is beyond i . The ion density, therefore, decreases with the growth of the electrostatic potential beyond i . In the case that there exists a large amount of ions trapped in the thermal barrier potential in Fig. 7͑c͒ the peak point of ion density profile is around zϭz b . Figure 8 shows the axial profiles of ion density and electrostatic potential. Here the different parameter in the figures is T eЌ /T eʈ , that is, T eЌ /T eʈ ϭ5 is in Fig. 8͑a͒ , T eЌ /T eʈ ϭ30 is in Fig. 8͑b͒ , and T eЌ /T eʈ ϭ180 is the case in Fig.  8͑c͒ , respectively. The plug potential is found to be formed in Fig. 8 in the wide range of T eЌ /T eʈ . The peak point of the ion density profile is localized around ϭ0 in Figs. 8͑b͒ and 8͑c͒, where almost all ions are reflected by the electrostatic potential before they reach the plug. Figure 8͑a͒ , however, has a different ion density profile from Figs. 8͑b͒ and 8͑c͒. The plug potential height is at most e p /T i Ӎ1 in Fig. 8͑a͒ . That is, many ions reach the plug without being reflected by the electrostatic potential, in the case of which the ion density profile has a peak around the plug region, because the ion drift velocity along a magnetic field line is retarded by the "B magnetic forces as well as the electrostatic potential in front of the plug region. Figure 9 plots the height of a plug potential as a function of T eЌ /T eʈ . Here Fig. 9͑a͒ is e b /T i ϭϪ1, Fig. 9͑b͒ is e b /T i ϭϪ2, and Fig. 9͑c͒ is the case of e b /T i ϭϪ3, respectively. The field ion and electron densities and temperatures giving the Coulomb collisions with the test ions are the same as those mentioned previously in this section. The modified Boltzmann law ͑8͒ is rewritten by relation ͑10͒ as
Note that the charge neutrality condition n i (z)ϭn e (z) is assumed through this manuscript. The plug potential is a function of n e (z p )/n eb and B p /B b as well as T eЌ /T eʈ in Eq. ͑19͒. Figure 9 , however, indicates that the height of a plug potential is a function of only T eЌ /T eʈ as long as D / L is fixed, although the density profile changes greatly by the electrostatic potential in Figs. 7 and 8. All solid lines in Figs. 9͑a͒-9͑c͒ have the same slope, which is 
IV. SUMMARY AND DISCUSSION
In the Monte Carlo simulation the ion distribution at the inner mirror throat is assumed as Maxwellian, so that the ions lost by end-loss or radial-loss are reinput at the inner mirror throat as part of the Maxwellian from the central cell of a tandem mirror. This procedure of ion supply at the inner mirror throat assumes that the loss cone (v ʈ у0) in the velocity space of ions is filled by the Maxwellian ions. In a weakly collisional case and in the absence of microinstabilities, the loss cone is nearly empty and is populated only in a boundary layer near the loss cone boundary. 22, 23 Therefore, the solution obtained in this manuscript yields qualitative insights into the plugging process, but will be quantitatively incorrect for a non-Maxwellian central cell case.
We have shown that the plug potential is formed as long as the electron and ion distribution functions are nonMaxwellian in the plug/thermal barrier mirror cell. It is easily shown that there is no solution of p in Eq. ͑8͒ if the ions obey the Boltzmann relation, i.e., n i ϭn ib exp͕Ϫe( ϭT e ln͕n e /n ec ͖, and if the ion radial loss exists in addition to the very small ion Coulomb pitch angle scattering into the loss cone region and so the ion distribution function deviates from Maxwellian distribution. The above-mentioned circumstances of plug potential formation are not contradictory to those in the present tandem mirror experiments. 13, 14 The Monte Carlo simulations using the modified Boltzmann law of Eqs. ͑8͒ or ͑19͒ have led to the results that the magnitude of a plug potential obeys the relation ͑20͒. The force to make the ratio T eЌ /T eʈ large is considered to result from the externally injected microwave power for the fundamental electron cyclotron resonance heating around the plug region. On the other hand, it is known that the larger ratio T eЌ /T eʈ makes the thermal barrier depth b deeper. 24, 25 Therefore, the results of this manuscript, that the plug potential formation requires a non-Maxwellian electron distribution at the thermal barrier, is consistent with the experimental results in which the plug potential formation accompanies the thermal barrier potential formation. 20 As mentioned in Sec. II the ion population in the loss cone region in the velocity space is required for the plug potential formation. Otherwise dn i /dz becomes infinity at the potential maximum, as is shown in Fig. 3 schematically. The amount of this ion population in the loss cone region can be very small for the plug potential to form, as long as the 
